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Abstract 
Fatigue crack growth tests consist in measuring the propagation rate of a pre-existing notch inserted into a sample, in opposition 
to the crack nucleation approach often studied. Nowadays, they are of most importance in rubber industry to improve, but also 
estimate, the service life of elastomeric products, such as tires or anti-vibration components. Such tests are performed at the 
LRCCP on a DMA+300 fatigue machine developed by METRAVIB, on “pure shear” samples, a classical geometry to study 
fatigue crack propagation in the literature. The purpose of this work is thus to evaluate the influence of various experimental 
parameters on the measured crack growth behavior but mainly the effect of the addition of antioxidants to the material 
formulation. Indeed, the comparison of fatigue crack growth rates measured on different SBR samples, with various amounts of 
6PPD (which acts as an antioxidant), before and after a thermal ageing, helps finally to determine how the fatigue crack growth 
behavior is affected by this kind of chemical compound. Finally, we should expect from those results a better understanding of 
the fatigue behavior  of dynamically loaded parts such as tires, subjected to self-heating, and consequently to thermal ageing. 
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1. Introduction  
The study of fatigue crack propagation in elastomers is of major importance, especially for tire industry, to 
improve and also estimate the products durability. In the past, many authors, by means of different fatigue crack 
propagation tests (see a relevant test method in [1]), evaluated various factors that affect the fatigue crack growth in 
rubbers. Among them, they identified for example the polymer type (natural rubber vs. synthetic rubbers), 
mechanical loading parameters (frequency, waveform, loading ratio…), fillers, temperature and thermal ageing, as 
parameters impacting the crack growth rate [1-6]. However, to the author knowledge, none of those studies 
mentioned the influence of antioxidants, even if they play a critical part as chemical products in the rubber 
formulation concerning industrial parts often exposed to self-heating (tires, anti-vibration components…). 
 
The purpose of this work is thus to evaluate the influence of the antioxidants addition to the material formulation, 
by directly comparing the fatigue crack growth rates measured on two different styrene-butadiene rubber (SBR) 
compounds: the first protected by 6PPD (acting as antioxidant), and the second remaining unprotected. The 
measurements being performed at different energies, various temperatures and before and after a defined thermal 
ageing, they are expected to help us to determine whether or not the fatigue crack growth could be affected by this 
kind of chemical product. 
 
After the description of the experimental set-up and methods, the end of the paper discusses the different results, 
in order to solve the question of the influence of antioxidants on the fatigue crack growth behavior of SBR. 
 
2. Experimental method 
2.1. Materials and samples 
Two rubber compounds (SBR-A and SBR-D) containing the same gum of SBR but with different amounts - 2 
and 0 parts per hundred of rubber (phr) respectively - of 6PPD (which acts as an antioxidant) are used. 
Vulcanization is carried out with 1.2 phr of sulphur. Each blend also contains carbon black fillers (N330), zinc oxide 
(ZnO) and stearic acid. The respective formulation of those two materials is given in Table 1. The geometry of the 
samples is a classical “pure shear” geometry (PS), commonly employed for fatigue crack growth tests in the 
literature [1-6], whose dimensions are 40 mm long, 4 mm high and 0.8 mm thick. 
 
To quantify the amount of remaining 6PPD before and after the thermal ageing, an analysis is performed 
according to the high pressure liquid chromatography method (HPLC).  
 
Moreover, the density of the sulphur network is analyzed by swelling experiments at equilibrium in cyclohexane. 
The network density is qualitatively evaluated by the “swelling ratio” SR, defined by: 
 
  
 
 
 
where m and md are respectively the swollen mass and the dry mass of the rubber sample. An increase of the sulphur 
network density results actually in a decrease of the swelling ratio.  
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      Table 1: Materials formulation (in phr) 
SBR-A SBR-D 
SBR 100 100 
Carbon Black N330 60 60 
Flexon 683 15 15 
6PPD 2 0 
Stearic acid 1.5 1.5 
Zinc oxide 3 3 
Sulphur 1.2 1.2 
2.2. Standardized mechanical testing 
In order to characterize a priori the mechanical behavior of the two materials (and particularly the influence of 
the thermal ageing), two different standardized mechanical experiments are carried out: hardness (Shore A) and 
tensile test according to ISO 37 standard. 
2.3. Fatigue crack growth rate tests 
Fatigue crack propagation measurements are based on the energy balance approach of Rivlin & Thomas [7], who 
have extended the initial theory of energy release rate formulated by Griffith [8] in his seminal paper. Considering 
thin samples of uniform thickness e and denoting c the crack length, they defined the “tearing energy” T by: 
 
 
                      
 
 
here U is the strain energy according to a differentiation with constant displacement of the boundaries over which 
forces are applied. It appears that considering a certain sample geometry, the tearing energy is independent of the 
crack length, which is the case for the pure shear samples in this work. Thus, the tearing energy can be expressed as 
follows [7]: 
 
 
 
 
with W0 the strain energy density and h the sample height between the grips. 
 
The fatigue crack growth measurements are performed with a DMA+300 from Metravib ACOEM. The pure 
shear test samples were elaborated by the LRCCP and consist of molded samples with beads. After clamping, the 
sample is first cycled during 300 cycles at a global strain of 50 % at 5 Hz, to annihilate the Mullins effect and lower 
the residual stretch due to an inherent viscous behavior. Cyclic tests with uncracked samples are then conducted at 
different stretch ratios from 5 % to 50 % in order to determine the strain energy density W0 as a function of the 
global strain, by integration of the area under the stress-strain curve. After the insertion of two notches (which 
entails two crack tips) in the sample at the edges (5 mm-long), a short preliminary cyclic test is performed to blunt 
the crack tips and to transform cutter incisions into fatigue cracks. After that, the procedure of fatigue crack growth 
experiments is applied, by cycling the cracked sample at a frequency of 5 Hz and for different global strains 
(corresponding to different values of T). The cyclic tests are paused several times to measure the mean value of the 
advance of the two cracks with a binocular microscope, from which is deduced the crack growth rate (dc/dn in 
nm/cycle). A common way to represent the results is a log-log (dc/dn) vs. T plot [3]. 
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3. Experimental results 
3.1. Influence of thermal ageing 
 
Different samples of SBR-A and SBR-D are aged at 80°C under air atmosphere during 16 hours, 168 hours (7 
days) and 840 hours (35 days). After ageing, the mechanical behavior (hardness and tensile properties) but also the 
remaining content of 6PPD measured by HPLC and the swelling ratio, are compared to the compounds in the initial 
state.  
 
Figure 1 presents the remaining 6PPD mass content and the Shore A hardness of SBR-A and SBR-D before and 
after thermal ageing (16 hours, 168 hours and 840 hours). On the one hand, a quite intuitive decrease of 6PPD 
content is first observed for SBR-A with thermal ageing (about 40% after 168 hours and more than 90% after 840 
hours). For SBR-D, obviously, no trace of 6PPD is detected. At the same time, one observes an antagonistic effect: 
the hardness is increasing for both compounds, confirming a well-known phenomenon of hardening after thermal 
ageing in elastomers. It appears, by a direct comparison of SBR-A and SBR-D, that the hardness of the compound 
after ageing is not strongly affected by the presence of antioxidants in the formulation.  
 
 
 
 
Figure 1 Evolution of Shore A hardness and 6PPD mass content vs. ageing time for SBR-A and SBR-D 
 
 
 
Figure 2 displays the evolution of the swelling ratio with the ageing time for SBR-A and SBR-D. A clear 
decrease of the swelling ratio is detected for both compounds, meaning that the sulphur network density is 
increasing with the ageing time. The initial swelling ratio is lower in the case of SBR-D (i.e. the network density is 
higher), due to the lack of antioxidants in the formulation during the mixing of the compound. 
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Figure 2 Evolution of the swelling ratio vs. ageing time for SBR-A and SBR-D 
 
Figure 3 displays the tensile tests results on the two compounds before and after ageing. It is noticed once again a 
hardening of both materials after ageing, which corroborates the hardness measurements, and also a decrease of the 
ultimate tensile properties (obviously more important for longer ageing times). 
 
Figure 4 shows the fatigue crack growth test results at room temperature on the same compounds. Taking into 
account the non-negligible scattering of the experimental method, one can conclude that no difference is observed 
between the two compounds neither before ageing, nor after ageing of 16 and 168 hours, in the energy range 
considered and at room temperature. However, the influence of ageing at room temperature appears to be much 
more significant after 840 hours at 80°C, and this is all the more true for the unprotected material and for highest 
values of tearing energy (see bottom of Figure 4). 
 
To sum up, despite the hardening of the compounds measured previously, the thermal ageing but also the 
presence of antioxidants, do not play a major role in the fatigue crack growth rate detected here for 16 and 168 hours 
of ageing, observation appearing rather unintuitive to the authors. Those results are for example in conflict with 
those of Kim & Lee [2] obtained on a natural rubber compound after 72 hours at 100°C. Nevertheless, the influence 
of thermal ageing and of 6PPD (because of differences between SBR-A and SBR-D) is on the contrary well 
observed after 840 hours of ageing, suggesting to the authors the possibility of a critical ageing duration for fatigue 
crack growth resistance. 
 
3.2. Influence of temperature 
 
Keeping in mind the self-heating phenomenon occurring in dynamically loaded elastomeric pieces, the previous 
fatigue crack growth test measurements are also performed at 80 °C and 100 °C under air atmosphere. 
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Figure 3 Influence of thermal ageing on tensile properties (ISO 37 standard). Top: SBR-A. Bottom: SBR-D. 
 
Figure 5 shows the fatigue crack growth measurements and the corresponding fitted power laws for those 
temperatures. An obvious impact of the temperature is detected for SBR-A and SBR-D with a difference of almost a 
decade on crack growth for a given value of tearing energy, between room temperature and 80°C. This effect is 
quite well-known and has already been mentioned in the literature [1]. 
 
Furthermore, the comparison of the two elastomers can help to understand the effect of antioxidants. At room 
temperature and at 80 °C, their crack growth behavior is rather similar, taking into account the scattering of the 
experiment. However, at 100 °C, a higher crack growth propagation rate is measured for the unprotected material at 
a given tearing energy, compared to the protected one. 
 
Figure 6 exhibits another interesting way to understand both thermal ageing and temperature influence on crack 
propagation. It displays the crack growth propagation measured at 80°C after 0, 168 and 840 hours of ageing. As for 
room temperature measurements, it comes from those crack growth rate measurements that only the longest ageing 
(840 hours) seems to have an impact on the fatigue crack growth resistance at 80°C, particularly for SBR-D, the 
unprotected elastomer. 
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Figure 4 Influence of thermal ageing on fatigue crack growth propagation at room temperature. The straight lines stand for fitted power laws. 
Top: SBR-A. Bottom: SBR-D. 
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Figure 5 Influence of temperature on fatigue crack growth propagation (unaged samples). The straight lines stand for fitted power laws. 
 
 
 
Figure 6 Influence of thermal ageing on fatigue crack growth propagation at 80°C. The straight lines stand for fitted power laws. Top: SBR-A. 
Bottom: SBR-D. 
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3.3.  Influence of the level of energy 
To evaluate the crack propagation rate at a very low level of tearing energy, one experiment is performed on both 
compounds at 100 J/m2 and for a temperature of 80°C. It is to note that, at this level of tearing energy, because of the 
very slow crack propagation, the experiment lasts for about 10 days for one material. 
 
Table 2 displays the crack growth propagation rate measured for both cracks on one sample, for unaged SBR-A 
and SBR-D. Contrary to the range of energies previously considered and presented in Figure 5, a noticeable 
difference is detected on the crack growth behavior of the two references. Indeed, the crack propagation rate 
measured in the case of the unprotected material SBR-D is about two decades higher than the one measured for 
SBR-A. 
 
Table 2: Crack propagation rates measured at 100 J / m2 at 80°C 
 
SBR-A SBR-D 
80 °C Crack growth rate (nm/cycle) 
Right crack 0,00178 0,65 
Left crack 0,0128 0,18 
 
 
 
4. Discussion 
 
The different results previously mentioned lead the authors to the following interpretations. First, the results 
obtained at room temperature tend to prove that the thermal ageing of 16 and 168 hours performed in this study has 
no influence on fatigue crack propagation, although it has an impact on hardness and tensile properties. 
Nevertheless, after 840 hours at 80°C, the crack growth rate measured for both compounds is increased, especially 
for the unprotected material and for highest values of tearing energy. For measurements performed at 80°C, one can 
make the same observations: a decrease of the crack growth resistance is only noticed after the longest thermal 
ageing. Therefore, the authors assume that a critical ageing duration would be needed to have an influence on crack 
propagation resistance. Moreover, the presence of antioxidants in the formulation appears to be a limiting factor to 
the thermal ageing effect concerning the fatigue crack propagation. 
 
Concerning the crack growth rates evaluated at different temperatures, it appears that a different behavior is 
observed between the two compounds at 100 °C but not at room temperature or 80°C. It can be assumed, taking into 
account those observations, that a minimum critical temperature is necessary (here between 80 °C and 100 °C) to 
differentiate SBR-A and SBR-D and start to notice the influence of antioxidant on fatigue crack growth behavior. 
However, keeping in mind the non-negligible scattering of this kind of test, a duplication of the experiments has to 
be considered. 
 
Finally, in the light of the experimental results obtained at 100 J/m2, it seems that the level of tearing energy 
considered is of major importance to evaluate the 6PPD influence in the formulation. Thus, the levels of energies 
involved in parts such as tires have to be determined in order to be as close as possible to those of the industrial 
application. It is also noteworthy that this result at 100 J/m2 has to be discussed taking into account the long stay (10 
days) of the sample at 80 °C during the measurements. 
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5. Conclusion 
 
The main objective of this study was to investigate the influence of antioxidants on the fatigue crack propagation 
of a synthetic rubber SBR. After all, it seems that a critical thermal ageing duration (around one month at 80°C with 
air) is needed to observe an influence at room temperature and at 80°C on the crack propagation rate. The presence 
of antioxidants in the elastomer reduces the impact of thermal ageing.  
 
An effect of 6PPD is also detected at 100 °C, but not at 80 °C, which leads the authors to assume the existence of 
a critical temperature. Finally, the impact of 6PPD is also noted for a very low level of tearing energy, which implies 
to determine the actual levels of energy involved in the industrial applications. 
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